A broad substrate specificity enzyme that can act on a wide range of substrates would be an asset in industrial application. T1 lipase known to have broad substrate specificity in its native form apparently exhibits the same active sites as polyhydroxylalkanoate (PHA) depolymerase. PhaZ6 Pl is one of the PHA depolymerases that can degrade semicrystalline P(3HB). The objective of this study is to enable T1 lipase to degrade semicrystalline P(3HB) similar to PhaZ6 Pl while maintaining its native function. A structural study on PhaZ6 Pl contains no lid in its structure and therefore T1 lipase was designed with removal of its lid region. BSLA lipase was chosen as the reference protein for T1 lipase modification since it contains no lid. Initially, structures of both enzymes were compared via protein-protein superimposition in 3D-space and the location of the lid region of T1 lipase was highlighted. A total of three variants of T1 lipase without lid were successfully designed by referring to BSLA lipase (a lipase without lid). The ability of T1 lipase without lid variants in degrading P(3HB) was investigated quantitatively. All the variants showed activity towards the substrate which confirmed that T1 lipase without lid is indeed able to degrade P(3HB). In addition, D2 was recorded to have the highest activity amongst other variants. Results obtained in this study highlighted the fact that native T1 lipase is a versatile hydrolase enzyme which does not only record triglyceride degradation but also P(3HB) by simply removing the lid region.
Introduction
Lipases and polyhydroxylalkanoate (PHA) depolymerases share the same α/β hydrolase fold except that T1 lipase consists of a lid domain which covers the accessibility to the active sites (Eggert et al., 2000) . In the closed conformation, the active site of T1 lipase is shielded by the lid region and hinders hydrolysis activity. With the presence of substrate, enzyme-lipid interaction occurs and this triggers the lid to open making the active site accessible for substrate binding and catalysis. This is known as interfacial activation (Sarda and Desnuelle, 1958) . Differs from T1 lipase, PHA depolymerase is lacking of lid domain which solely depends on substrate binding domain in catalysis. These might be the reason for their different substrate preferences.
Mutations in the lid region can affect substrate preferences and thermostability (Santarossa et al., 2005) . Despite the fact that most lipases have a lid region, some lipases have been reported to have a solvent-exposed active site with the absence of the lid structure which was observed in Bacillus subtilis lipase A (BSLA) (van Pouderoyen et al., 2001) . Since T1 lipase and PhaZ6 Pl share the same active site residues, it is hoped that the removal of the lid could allow the assessment of the PHAs to the active sites. A deep knowledge on the target protein is normally required to increase success rate in protein design. This is to ensure the method chosen to modify the desired protein is rationally carried out. For example, rational design which involves rational alteration of selected residues in a protein is expected to cause predicted changes in function (Sekhon, 2012) .
Rational design has the advantage of being inexpensive and technically easy, since site-directed mutagenesis techniques are well developed. A characterization study of the constructed protein is conducted for validation. In this study, site-directed mutagenesis approach was chosen since the structural information for T1 lipase was available (Matsumura et al., 2007; Rahman et al., 2012) . The aim of the mutagenesis effort was for T1 lipase to be able to degrade semicrystalline polyesters while maintaining its native function. This work was carried out to proof that T1 lipase was a versatile hydrolase, cost and time saving enzyme that had the ability to degrade not only triacylglyceride but also semicrystalline polyesters.
Materials and Methods

Bacterial strains and plasmids
Escherichia coli XL10-Gold was purchased from Stratagene (USA) as a cloning host whereas E. coli BL21(DE3) was purchased from Invitrogen (USA) as an expression host. Both E. coli strains were cultured either in Luria Bertani (LB) medium or Terrific Broth (TB) supplemented with ampicillin (50 μg/mL) and cultivated at 37°C with agitation at 220 rpm. Escherichia coli BL21(DE3) harboring the pGEX-4T-1::T1 lipase ) is a contribution from EMTech research group, Universiti Putra Malaysia and was used as a source of T1 lipase while pGEX-4T-1::phaZ6 Pl was used as a source for PHB depolymerase enzyme. The recombinant bacterial stocks were maintained in the lab at −80°C.
Protein sequence analyses of T1 lipase and PhaZ6 Pl
Amino acid sequences of T1 lipase and PhaZ6 Pl which literally, the only PHA depolymerase that can degrade semicrystalline polymer and copolymer of PHAs, were retrieved from Genbank in the form of FASTA format and can be accessed from http://www.ncbi.org/. The protein sequence analysis was carried out by the alignment of the catalytic residues for both enzymes.
Protein structure analyses of BSLA lipase and T1 lipase T1 lipase (PDB ID: 2DSN, resolution: 1.5 Å) and BSLA lipase (PDB ID: 1I6W, resolution: 1.5 Å) structures were obtained from the Protein Data Bank (PDB) and the database can be accessed from http://www.rcsb.org/. The 3D structures of the protein were analyzed and viewed by using YASARA software (YASARA Biosciences, Austria) (Krieger, 1993) .
Computational design of the lid mutants
The protein structure of BSLA lipase was used as the reference protein model in designing the lid mutants of T1 lipase since it does not have any lid structure on its scaffold. Three different constructs were designed with distinct structural features. Details on each design were described in Table I . The lid mutant protein structures were modeled using homology modeling method and 2DSN was used as the template. The modeling experiments were conducted by using YASARA software. Superimposition between T1 lipase and all the constructs were performed using MUSTANG program in YASARA software (align object with MUSTANG). The root mean squared of deviation (RMSD) between the superposed structures was observed and recorded.
Docking study of T1 lipase without lid variants
Docking analysis was performed using Autodock program (Morris et al., 1998) with customized features by YASARA. From the online RCSB PDB (http://www.pdb.org) a model of T1 lipase was downloaded and prepared for flexible molecular docking by YASARA tools utilities. The preparation of this receptor involved removal of the second chain B, addition of polar hydrogens and merging of non-polar ones. Default gasteiger charges were assigned to all atoms. The grid box was positioned at the geometrical center of the selected flexible residues volume. The structure of the ligand was processed for docking in a similar way as the above-mentioned. Each docking task consists of 25 runs. The more positive the binding energy, the more favorable the interaction in the context of the chosen force field.
T1 lipase modification by deletion of the lid region
Literally, based on amino acids sequence, PhaZ6 Pl contains no lid in its structure (Schober et al., 2000) and therefore T1 lipase was designed with the removal of its lid region. Several variants were designed at the lid region of T1 lipase as shown in Table I . The first designation was to delete the T1 lipase lid region from the amino acids at positions 172-237. The artificial loops (modeled from the corresponding domain of T1 lipase backbone from residues 191-209) were introduced between the deleted regions and the variant was labeled as D1 (helix 6-loop-helix 7). The second designation was to delete the amino acids position 175-191 and the variant was labeled as D2 (helix 6 only). Finally, the third designation was D3 where the amino acids positioned at 175-219 (helix 6-loop) were deleted. The D2 and D3 constructs, the deleted regions were joined together by restriction enzymes. The schematic diagram of the design is shown in Fig. 1 .
Recombinant pGEX-4T-1::T1 plasmid extraction
The recombinant plasmid pGEX-4T-1::T1 lipase was extracted by using QIAprep Spin Miniprep kit (Qiagen, Germany) according to the manufacturer's instruction. The plasmid was then electrophoresed with 1% (w/v) agarose gel. The concentration and the purity of the extracted plasmid DNA were analyzed using the Eppendorf ® BioPhotometer by Eppendorf, Germany. 
DpnI digestion of PCR products
The PCR products (mutated recombinant plasmid pGEX-4T-1::T1 lipase) were then treated with DpnI prior to transformation into cloning host E. coli XL-10-Gold. The mutated recombinant plasmid was then extracted from the cloning host and transformed into expression host E. coli BL21 (DE3). DpnI restriction enzyme (10 U) was added directly to each amplification reaction and thoroughly mixed by pipetting the solution up and down several times. The reaction mixtures were immediately incubated at 37°C for 5 min to digest the parental DNA template strands that presence in the reaction mixtures. The treated PCR products were purified using QIAquick Gel Extraction Kit (Qiagen, Germany) according to the protocol provided by the manufacturer and was then electrophoresed with 1% (w/v) agarose gel. The purified PCR products were ligated into pTrchis2 TOPO TA vector.
Transformation of E. coli XL-10-Gold with recombinant plasmid DNA
The ligation mixture (2 μL) was added to 50 μL of E. coli XL-10-Gold and incubated for 30 min on ice. The mixture was heatshocked at 42°C for 45 s before it was put on ice again for 2 min. Finally, 250 μL of LB broth was added into the mixture and incubated at 37°C for 1 h 30 min. The cells was then plated onto LB agar plate containing 50 μg/mL ampicillin and 0.2% (w/v) amorphous P(3HB) substrate (Handrick et al., 2004) . A single colony from the overnight culture was then picked, cultured in 10 mL LB broth supplemented with 50 μg/mL at 37°C overnight.
Plate screening for expression validation
In order to validate the expression of the mutated recombinant plasmids in E. coli XL-10-Gold, the colonies were then screened for Fig. 1 Schematic diagram for the overall process in constructing the lid restriction enzyme site. For D1, artificial loops were introduced between deleted regions. However, for D2 and D3 constructs, the deleted regions were joined together by a restriction enzyme (RE). The amino acid residues 172-23 (α6-loop-α7) were removed (D1), the amino acid residues 175-191 (α6 only) were removed (D2) and the amino acid residues 175-219 (α6 and loop only, except α7) were removed (D3) (Rahman, 2013) . PHA depolymerase qualitatively using selective media. The recombinants were grown on LB agar containing 0.2% P(3HB) (purchased from Sigma, Aldrich), supplemented with 50 μg/mL ampicillin. The colonies were grown overnight in 37°C and further kept in the incubator (overnight) for substrate hydrolysis. Clear zones around the colonies signify the presence of PHA depolymerase activity.
Sequencing of the recombinant plasmid DNA
The extracted plasmids were sent for automated sequencing service at first Base Laboratories Sdn. Bhd., Malaysia using Applied Biosystems 3730XL Genetic Analyzer (Applied Biosystems, USA). Sequence analysis was performed by using pairwise sequence alignment program (EMBOSS needle) https://www.ebi.ac.uk/services.
Production of T1 lipase without lid variants
The productions of T1 lipase without lid enzyme were performed together with two controls, which were positive control and negative control. The positive control was PhaZ6 Pl (pGEX-4T-1:: phaZ6 Pl ) while the negative control was native T1 lipase (pGEX-4T-1::T1 lipase). A single colony from the controls and positive PHA depolymerase producers as observed from the plate assay were cultured in 10 mL LB broth supplemented with 50 μg/mL ampicillin. After 18 h of cultivation at 37°C, the cultures (1%) were then inoculated into fresh 100 mL LB broth supplemented with 50 μg/mL ampicillin. After the cultures reached the optical density of 0.5-0.75 at 600 nm, they were then induced with 0.025 mM of IPTG and further incubated at 37°C up to 12 h. These protocols for the enzyme production are applicable for all the variants except for T1 without lid variants which had some modification, whereby the 10 mL LB broth (seed culture) was transferred into fresh 1 L TB broth as production medium and was incubated at 37°C for 2-3 h until the culture reached the optical density of 0.75 at 600 nm. The samples were induced with 0.025 mM of IPTG and cultured at 16°C for 12 h. The culture was then harvested (centrifuged at 10 000 × g, 4°C for 10 min) and the pellet was then dissolved with 10 mL PBS buffer and sonicated (output: 2, duty cycle 30 for 2 min). The suspension was then centrifuged (12 000 ×g for 2 min) again to obtain the supernatant. The supernatant was kept at −80°C prior to use. P(3HB) depolymerase assay of controls (T1 lipase and PhaZ6 Pl ) and T1 lipase without lid variants (D1, D2 and D3) towards P(3HB)
The assay was carried out by measuring the decrease in the optical density at 400 nm of the respective polymer suspension at 37°C. The reaction mixture (1 mL) contained 50 mM Tris-HCl (pH 8) with 1 mM CaCl 2 and 60 μL of a 0.2% (w/v) suspension of denatured PHB granules. The reaction was initiated by the addition of 5-50 μL of PHA depolymerase preparation. One unit of activity is defined as a decrease in the optical density by 1.0 in 1 h at 400 nm (Schober et al., 2000) .
SDS-PAGE analysis of controls and variants expression
SDS-PAGE analysis of crude T1 lipase and phaZ6 Pl as well as T1 lipase variants were carried out.
Kinetic study of native (T1 lipase and PhaZ6 Pl ) and D2 enzymes
For kinetic study on lipase activity, the incubation time for the enzyme assay was carried out for 5 min with the absorbance read every 1 min. Whereas, for P(3HB) depolymerase activity, the incubation time for the enzyme assay was carried out for 2.5 min with the absorbance read every 30 s.
Results and Discussion
Protein sequence analysis of PhaZ6 Pl and T1 lipase PhaZ6 Pl consisted of 342 amino acids with a molecular weight of 41 kDa. Based on the sequence alignment, T1 lipase which consisted of 388 amino acids showed 15.0% sequence identity and 30% similarity with PhaZ6 Pl . The catalytic domain of PhaZ6 Pl (residues 1-306) contained a pentapeptide sequence, G-X-S 136 -X-G (lipase box), which was a characteristic of serine esterases such as lipases, esterases, and all PHA depolymerases analyzed so far. The central serine of the lipase box had been shown to be essential for activity in many lipases and several PHA depolymerases (Jaeger et al., 1995; Jendrossek et al., 1995; Saegusa et al., 2001 ). Two histidine residues (H 46 and H 269 ) and one aspartate residue (D 211 ) were strictly conserved in PhaZ6 and all PHA depolymerases (Fig. 2) (Jaeger et al., 1995; Schober et al., 2000; Hidalgo et al., 2013) . The serine, histidine and aspartate residues are known to constitute a catalytic triad including an oxyanion pocket (H46), as is known for serine esterases. This preliminary finding suggests the possibility of T1 lipase binding to P(3HB) in its active site.
Protein structure analysis of BSLA lipase and T1 lipase
In order to highlight the similarities and differences of the structural features between these two lipases, structural superposition was performed (Fig. 3) . From the structural superposition experiment, a RMSD value of 1.756 Å was obtained and the α/β fold of the BSLA lipase almost fit perfectly on T1 lipase. The obvious structural dissimilarities between the two lipases were the presence of the lid domain and zinc binding site domain in T1 lipase which were absence in BSLA lipase. These distinct structural features exert major effects on the characteristics and behaviors of the enzyme such as enzyme stability and selectivity (Santarossa et al., 2005) .
Computational design of the lid mutants
From the structural analysis of T1 lipase and BSLA lipase, the lid domain was identified to be 55 amino acids (Asp175-Lys229) located on α6 and α7 helices and formed a helix-loop-helix-like motif (Fig. 4) . By using BSLA lipase as the reference structure, four different T1 lipase lid mutant constructs were successfully modeled with distinct design features as shown in Fig. 5 . The protein structures of the constructs were modeled by using homology modeling technique and the native T1 lipase structure (2DSN) was used as the template. Based on the modeled structures, only D1 and D3 constructs exhibited a complete solvent-exposed active site, while, D2 construct were still partially covered by a short lid domain protecting their active site.
Docking study of T1 lipase without lid variants
Results obtained from the docking experiment is analyzed based on their binding energy and marked distance. The binding energy is obtained by calculating the energy at infinite distance (between the selected object and the rest of the soup, i.e. the unbound state) and subtracting the energy of the soup (i.e. the bound state). The more positive the binding energy, the more favorable the interaction in the context of the chosen force field. Marked distance is the measured between points (from hydroxyl group of Ser113 to carbonyl carbon of the substrate). Based on the docking result of D1 towards P (3HB), the binding energy decreased to 4.53 kcal/mol and the marked distance also decreased to 4.291 Å. There was around 0.6 kcal/mol decrement in the binding energy value and 0.134 Å decrement in marked distance compared to native (PhaZ6 Pl ) (Fig. 6) . Regardless of a shift in some amino acids position after the helix 6 regions, the binding energy and marked distance value were not much affected since the catalytic serine position is remained. The second designation was amino acids position 175-191 which were deleted and the variant was labeled as D2 (helix 6 only).
Interestingly, the binding energy of D2 variant, where only helix 6 regions was deleted, had increased to 5.7 kcal/mol, thus the marked distance decreased to 4.211 Å (Fig. 7) . Finally, D3 variant, where the amino acids position 175-219 (helix 6-loop) were deleted showed the binding energy of 5.58 (kcal/mol) with the marked distance 4.967 Å (Fig. 8) . D2 variant gave the highest binding energy and small marked distance as compared to other variants. The summary of the docking result is presented in Table III . The rational in removing T1 lipase lid is to make this enzyme to be the less specific (Griffon et al., 2006) . Theoretically, by removing the lid region, the interfacial activation step might be eliminated, thus allowing other substrate to contact with the exposed active sites.
Plate screening for expression validation
From the observation on 1% Tributyrin LB agar plates ( Fig. 9a and  b) , T1 lipase without lid variants (D1, D2 and D3) showed clear zone formations on plates, thus showed their capability to express functional lipase. Native T1 lipase (as a positive control) showed clear zone formation. No clear zone formation was detected with PhaZ6 Pl (as a negative control). These results prove that T1 lipase without lid variants were successfully designed without interrupting its functional residues embedded in the conserve region.
Sequencing of T1 lipase without lid variants
The lid region for D1 construct was successfully deleted (helix 6-loop-helix 7) and the gap was replaced by a long loop (Fig. 10) . A loop consisting 18 amino acid residues was inserted between the deleted regions to fill the gap. The loop was modeled from the corresponding domain of T1 lipase backbone form residues. The unwanted lid regions for D2 and D3 variants were also successfully deleted and the deleted regions were joined together by a restriction enzyme site (Figs 11 and 12 ).
Production of T1 lipase without lid variants
T1 lipase without lid variants were produced in an optimum condition based on previous study by Rahman (2013) . From the study, the majority of the expressed T1 lipase without lid fusion proteins existed as inclusion bodies and only a small fraction of them were expressed as soluble protein. This problem was expected at the beginning of the experiments, since the protein tends to be relatively unstable when the protected hydrophobic core of its main structure was exposed to the solvent, thus increasing the entropy. Therefore, general expression conditions were determined to increase the solubility of the expressed protein. In this study, to improve the yield of soluble fraction of the expressed T1 lipase without lid fusion protein, the 1 L culture incubation temperature before induction was carried out at 37°C. After protein induction, the temperature was lowered to 16°C instead of 37°C (optimal growth for E. coli), thus slowing down the production rate of the protein and giving the cells more time to fold the protein correctly. As more cells were produced, more proteins will be expressed. Instead of using LB broth as the production medium, TB broth was used since it was a nutritionally richer medium for the growth of bacteria and was proven to increase cell density (Tartoff and Hobbs, 1987) . By using richer nutrient medium like TB broth, the incubation period of the expression can be increased up to 24 h in batch fermentation, since the amount of the nutrients is sufficient to support the cell growth for longer duration compared to the conventional LB broth. Thus, a more soluble fraction was obtained. Expression of controls and T1 lipase variants was further analyzed with SDS-PAGE analysis. Based on Fig. 13 , the SDS-PAGE showed that all variants (D1, D2 and D3) and controls crude enzymes (T1 lipase and PhaZ6 Pl ) were successfully expressed in soluble forms, based on the expected protein size (~67 kDa). P(3HB) depolymerase assay of controls (T1 lipase and PhaZ6 Pl ) and T1 lipase without lid variants (D1, D2 and D3) towards P(3HB)
In order to confirm that all proteins (controls and variants) were successfully expressed and exhibited P(3HB) depolymerase activity, crude enzyme assays were carried out. Figure 14 shows the enzyme activity of the negative control (T1 lipase), positive control (PhaZ6 Pl ) and D1, D2 and D3 towards P(3HB). D2 exhibited the highest P(3HB) depolymerase activity (7 U/mL), followed by D1 (5 U/mL) and D3 (2 U/mL). PhaZ6 Pl as the positive control gives a value of 6 U/mL. T1 lipase exhibited almost no activity towards homopolyster P(3HB). This result was supported by previous study carried out by Mukai et al. (1993) which showed that none of the lipase studied degraded P(3HB). Moreover, small differences in the polymer structure, such as the presence or absence of side chains in the polymer backbone, highly influenced the biodegradability of the polymer (Jaeger et al., 1995) .
For comparison, T1 lipase activity towards triacylglycerol was 41.9 U/mL which shows the specificity and preferences of T1 lipase towards C12 carbon chain length . As described previously, these variants were designed to remove the lid domain, in which all the designations were without the helix 6 region. D2 variant, which lacked helix 6 region (with helix 7 being involved), was much more active than T1 lipase. This suggests that helix 6 restricts the enzyme activity, thus, being more essential for the selection of substrates. This was confirmed by D1 and D3 variants which showed lower activities compared to D2. D1 variant did not possess the entire lid region while D3 was designed to remove helix 6-loop only which affects the enzyme function.
The previous analyses on T1 lipase suggested that in the closed conformation (PDB ID: 2DSN), Phe16 is hold inside the protein by steric effect of helix 6 and a cation-π interaction with Na + ion, while in the open conformation (PDB ID: 2W22), the corresponding residue (Phe17) flips into the outward and makes van der Waals contacts with a substrate. In the open conformation (the substratebound state), helix 6 covers and encloses the substrate inside the protein by making van der Waals contacts with the substrate (leading the residue to being apart from the catalytic site) (Hagiwara et al., 2009) . Accordingly, a possible role of helix 6 is selection of the substrate by making a pocket for the specific substrate. As distinct from other lipases, the catalytic triad of T1 lipase with the closed configuration was in the protein core, thus the enzyme could not perform catalysis. So, for the catalytic duties, T1 lipase had to adopt an open configuration with the catalytic triad or active site exposed to the surrounding solution. So, a structural transition occurred, which was mainly caused by one of the hydrophobic helices, helix 6. Helix 6 could be divided into two major components with the hydrophilic part at the surface and the hydrophobic part inside. In aqueous solution, the hydrophobic part could provide enough power for helix 6 to move away, driving the protein into the open configuration and exposing the catalytic triad (Wang et al., 2010) . Lid region of T1 lipase was important for the interfacial activation of the enzyme. By removing this lid region, the enzyme does not have to go through this activation hence make the enzyme less specific through the removal of the substrate-recognition structures. This interfacial activation is made by triacylglyceride which approximately consists of 4-28 carbon chains. By avoiding this interfacial activation, small substrates with short carbon chain length substrates could become the substrate of T1 lipase. ) it showed that the degradation activity towards this substrate was drastically reduced compared to native T1 lipase. It might due to the modification of T1 lipase lid region which affected the protein stability. It might also due to the lack of the interfacial activation after the removal of the lid. The higher K m value of D2 variant compared to native T1 lipase reflects the decrements in its binding affinity towards olive oil.
D2 enzyme shown to be unstable, contributed to the decrements in the catalytic efficiency, thus affecting substrate binding affinity to the active sites and nucleophilic attack by hydroxide (Felici et al., 1993) . On the other hands, the k cat /K M value for D2 variant towards P(3HB) increased to 1.28 μM −1 s −1 which showed an increment in the catalytic efficiency compared to PhaZ6 Pl . However, the K m value was increased from 7.58 to 9.89 μM. It shows that D2 variant exhibits lower binding affinity towards P(3HB) compared to native PhaZ6 Pl . As a conclusion, D2 variant binding affinity towards olive oil is more efficient as compared to P(3HB), thus its catalytic efficiency towards olive oil is higher as compared to P (3HB) ( Table IV) . These results support the importance of helix 6 region for T1 lipase enzyme activity and substrate specificity.
Conclusion
As a conclusion, T1 lipase was successfully engineered to produce variants with the ability to degrade semicrystalline P(3HB), while maintaining its native activity towards olive oil. Based on the Fig. 14 Enzyme activity of controls and variants towards 0.2% P(3HB). The crude enzymes are standardized to 0.1mg/ml and the assays were carried out at 30°C. enzyme activity of T1 lipase without lid variants towards P(3HB), it can be concluded that T1 lipase lid domain controls the accessibility of the substrates to the active sites of the enzyme, thus removing part of the lid region exposed the buried active sites to the substrate. Consequently, the interfacial activation step controlled by the lid domain was omitted and the substrate could directly bind to the active sites. Moreover, helix 6 is proven to control the substrate specificity as shown by D2 variant that exhibits the highest P(3HB) depolymerase activity.
